well as the recently-described prochlorophyte-like a nearly-constant 38% of total chlorophyll a. Coccoid cyanobacteria (Chisholm et al. 1988, 19921 . The latter contain bacteria were 1 to 2 orders of magnitude less abundant at all unique, ~divinyl~ forms of both chlorophyll a and b stations and depths. Prochlorococcus-like cells in the deeper parts of the DCM contained large amounts of chlorophyll b, (Goencke & Repeta 1992) . Because they contain chl b, often more than twice as much as divinyl chlorophyll a, sugthese ~i c o~l a n k t e r s have been referred to as 'pro- cell-l The carotenoids 1g1-hexanoy1-oxy-fucoxanthin and they also have been reported from temperate latitudes 19'-butanoyl-oxy-fucoxanthin increased with depth in the and in nearshore waters of the Great Barner Reef and DCM in relation to both total chlorophyll a and non-divinyl the ~~d i~ (~i & wood 1988, olson et al. 1990 , chlorophyll a, supporting the idea that eukaryotic nano-and picoplankters compnse a higher portion of the phytoplank- Vaulot et al. 1990 , Campbell & Vaulot 1993 Deep chlorophyll maxima (DCM) are found throughout the world's oceans, but are deepest and most persistent in the tropics, where they occur at or near the base of the euphotic zone (reviewed by Cullen 1982) . Picophytoplankton comprise a significant portion of the photosynthetic biomass in the DCM of the tropics (Takahashi & Hori 1984) . These small phototrophs are abundant in most oceanic waters (Li et al. 1983 , Takahashi & Hori 1984 , Stockner & Antia 1986 , and can account for more than half of the primary production in oligotrophic regions (e.g. Iturriaga & Mitchell waters possessing a DCM (Campbell & Vaulot 1993) .
A large number of studies have demonstrated the differences in species composition among phytoplankton in surface and DCM communities (cf. Venrick 1993 and references therein), but less attention has been paid to zonation within the DCM itself. Some evidence suggests that pico-eukaryotes are relatively more abundant below the DCM peak, and that they are better adapted to the spectral quality of light there (Furuya & Marumo 1983 , Murphy & Haugen 1985 , Glover et al. 1986a , b, 1987 .
We report here on the distribution of carotenoids, and of chlorophyll a, total chlorophyll b (normal and divinyl forms), and divinyl chlorophyll a (hereafter referred to as chl a , , chl b, and chl a,, respectively) in neritic waters of the Caribbean Sea and the western tropical Atlantic Ocean. Our focus was on the DCM zone, ca 80 to 120 m below the surface, and on changes in the relative abundance of different chlorophylls and carotenoids with depth within it. Our aim was to use changes in pigment concentrations to evaluate the relative importance of prochlorophytes, zonation of different picophytoplankton populations within the DCM, and possible adaptation of cell pigment content to changing quantity and quality of Light at the base of the euphotic zone.
Materials and methods. We participated in 2 cruises, in January/February 1991 and January 1992. The study area ranged from the Atlantic Ocean side of the southern Bahamas to Guadeloupe. Most samples were taken in nearshore waters on the Caribbean side off Guadeloupe, Montserrat, and the U.S. Virgin Islands (Fig. 1, Table 1 ).
At each station, a rosette fitted with 10 or 30 1 Niskin sampling bottles, a CTD, and an in situ fluorometer (Sea Tech, Inc.) was deployed to a depth of approximately 200 m. The down trace of fluorescence was used to locate the DCM and samples were collected on the way up. Most often, we sampled at the bottom of the DCM, twice within it, and at its top. On some occasions, samples were also taken near the surface (5 m), or well below the DCM (e.g. 200 m). Some stations were sampled for nutrient concentrations; measured using standard methods (Parsons et al. 1984) . Light attenuation was estimated at several stations with a 30 cm diameter white Secchi disk. In addition, 2 profiles of spectrally resolved downwelling irradiance were made, using a Biospherical Instruments MER 1000 spectral radiometer with a 27 Light sensor, 12 spectral bands plus PAR, and a pressure sensor for depth. The maximum depth for this instrument was 85 m. We experimented with filtration methods for collecting pigments after abandoning early attempts to use glass fiber filters (GF/F) because our extraction efficiencies were low, even after sonication and freezing to rupture cells. On the 1991 cruise we used 47 mm, 0.4 pm pore size, polyester Nuclepore filters (Hooks et al. 1988) , and filtered 2.3 to 10 l of sample. However, flow cytometry samples analyzed after that cruise showed that some picoplankton were passing through these filters. We therefore used 47 mm, 0.2 pm pore size ceramic Anohsc filters (Anotec, Inc.) on the 1992 cruise. All samples from the 1992 cruise were of 2.3 1 volume.
Following filtration of water samples, filters were placed in microcentrifuge tubes with 0.5 or 1.0 m1 of acetone. When the Anodisc filters were used, the plastic support ring was removed before extraction. To do this, we placed each filter in a Whirlpak plastic bag and crushed it into small pieces. The ring was then removed and the pieces 'poured' onto a glass plate This procedure allowed us to extract the pigments in as little as 0.5 m1 of acetone. Once in the tubes with acetone, samples were frozen in liquid nitrogen, thawed, and sonicated for 3 to 5 rnin in an ice bath. They were then left to extract for several hours at -20°C. For the 1991 cruise, all samples were analyzed on board ship. For the 1992 cruise, samples were stored in an ultra-low freezer (-80°C) and analyzed within 4 mo. Chlorophylls were separated and quantified by highperformance liquid chromatography (HPLC; Fig. 2A ). (436 nm absorbance). 1 = chlorophylls cl + c2; 2 = pendlnin; 3 = 19'-butanoyl-oxy-fucoxanthin; 4 = fucoxanthln; 5 = 19'-hexanoyl-oxy-fucoxanthin; 6 = cis-19'-hexanoyl-oxy-fucoxanthin; 7 = prasinoxanthin; 8 = diadinoxanthin; 9 = alloxanthin; 10 = lutein; 11 = zeaxanthin; 12 = canthaxanthin; 13 = chl b; 14 = chl a,; 15 = p-carotene; 16 = chl a2 Solvent A was 90:10 (methanol:0.25 M aqueous ammonium acetate); solvent B was acetonitrile. Best separations were achieved using a linear gradient from 50 % to 100 % B in 14 min at 1 m1 min-l, with a 3 min reequilibration to initial conditions between injections. The column was a 0.46 X 15 cm, 5 pm C-8 (Rainin, Inc.). Injection volume was 100 to 200 p1, and all samples were treated with ion-pairing reagent (Mantoura & Llewellyn 1983 ). We used pure chl a, and chl b (Sigma Chemical Co.) to convert peak areas to pigment concentrations. Detection was by absorbance at 658 nm, where chl al and chl a2 both have maxima (cf. Gieskes & Kraay 1983 , Rowan 1989 , Goericke & Repeta 1992 . We assumed molar extinction coefficients were identical for both forms of chl a.
On the 1991 cruise, HPLC estimates of carotenoid concentrations were also made at 6 of the 7 stations (Fig. 2B , Table 1 ). These were done by absorbance at 436 nm, after separation on a 0.46 X 25 cm Adsorbosphere (Alltech) C-18 colun~n, using a solvent system similar to that of Wright & Shearer (1984; 85: 15 methanol in ammonium acetate buffer, switched to 90:lO acetonitri1e:water after 4 min, then to a Linear gradient to 100 % ethyl acetate in 25 min). This gradient allowed us to quantify lutein and zeaxanthin separately (Fig. 2C) .The system was initially calibrated with pure standards of various carotenoids, isolated from phytoplankton cultures and quantified spectrophotometrically (Wright et al. 1991 , Bianchi et al. 1993 . Response factors relative to chl a, were calculated for our particular gradient system and detector, and routine calibrations were performed with pure chl a,. The fucoxanthin response factor was used for 19'-hexanoyl-oxy-fucoxanthin and 19'-butanoyl-oxyfucoxanthin. A mixed standard of 15 known carotenoids was used to verify retention times regularly (Fig. 2C) . Separation of chl a, and chl a2 was not reliable with this solvent system. At 3 stations on the 1991 cruise, water samples were collected to estimate picoplankton cell abundances by flow cytometry. One m1 samples were preserved with 0.1 % (final concentration) glutaraldehyde, held at 4 "C for 10 min, then transferred to liquid nitrogen until they could be counted (6 mo later) with a Coulter EPICS V flow cytometer (Olson et al. 1990 (Olson et al. , 1993 . Excitation was at 488 nm (500 mW, focused by a 38 mm spherical lens), and a Profile flow cell was used with a restrictor to reduce flow rate to approximately 2 m S-'. Integrated forward light scatter (1.5 to l g O ) , right angle scatter (73 to 107O), red fluorescence (660 to 700 nm), and orange fluorescence (515 to 630 nm) signals were collected for each cell and for uniform fluorescent microspheres (0.57 pm diameter 'Fluoresbrite', Polysciences, Inc., Warnngton, PA, USA) added as internal standards. The data were analyzed using software provided by D. Vaulot (CYTOPC).
Results. Water transparency was typical of that for oligotrophic waters, with Secchi depths ranging from ca 30 to 50 m. The attenuation coefficient for photosynthetically active radiation (PAR) was 0.048 m-'; thus the 1 % light depth was at about 95 m. As with other case I waters, attenuation was least for blue-green light, with minimum attenuation somewhere between 441 and 507 nm ( Table 2) .
A typical vertical profile of temperature, salinity, and fluorescence is shown in Fig. 3A , along with measurements of prochlorophyte abundance and nitrate + nitrite concentrations at discrete depths through the DCM. The DCM itself was usually sharp, and had its peak within the pycnocline or just at the base of the mixed layer, and appeared to be associated with the top of the nitracline. Prochlorophytes were by far the most abundant picoplankton in the DCM, ranging up to 187 000 cells ml-l, and comprising > 90 % of total phytoplankton cells at all DCM depths (Table 3) (Fig. 2B ). nd -nd aAlthough we have no independent inchcation of a problem with this sample, our failure to detect either chlorophyll at this depth may have been an artifact of extraction or sample handling Discussion. The DCM was a constant feature of our study, with a sharp peak in fluorescence found at all stations during both years. It appeared to be associated with the pycnocline and with the steepest gradient in dissolved inorganic nitrogen (DIN), as observed in many other studies (cf. Riley 1938 , Veldhuis & Kraay 1990 , Varela et al. 1992 , Campbell & Vaulot 1993 , Estrada et al. 1993 ). Cullen (1982) referred to this pattern as the 'typical tropical structure' type of DCM. Subsurface maxima in both productivity and chlorophyll in such systems presumably result from enhanced nutrient flux due to higher DIN concentrations at the base of the pycnocline.
The most striking feature of the DCM in our study was the high and constant proportion of chl a2, indicating very high concentrations of prochlorophytes. In all of our samples these were clearly the most abundant phytoplankters by number, as confirmed by the flow cytometry (Table 3 ) , ranging 1 to 2 orders of magnitude higher in abundance than the coccoid cyanobacteria and the eukaryotic phytoplankton. The constancy in the proportion of chl a2 to total chl a suggests either that processes regulating prochlorophyte biomass are the same as those for chl a,-containing phytoplankton or that processes regulating pigment/ biomass ratios are the same, or both. It is not possible to distinguish between these possibilities without more data on grazing mortalities and growth rates. Our data indicate a very wide range in prochlorophyte pigment concentrations per cell, however, from 0.09 (Stn 6, 57 m; Table 3 ) to 1.45 fg cell-' (Stn 7, 165 m) for chl a*. At Stn 6, cell pigment content increased nearly an order of magnitude over only a 43 m depth range (Table 3) . Although the magnitude is somewhat less, the range we observed is greater than that seen by Veldhuis & Kraay (1990) in the subtropical Atlantic (0.91 to 5.4 fg cell-'). Thus, chl a2 is not very accurate as a biomass indicator for prochlorophytes when sampling over several optical depths, and this supports the idea that a large part of the DCM is due to increases in pigment per cell, rather than real biomass increases (Steele 1964 , Cullen 1982 , Campbell & Vaulot 1993 .
Chl b/chl a2 also increased markedly with depth through the DCM (Fig. 4) . If all of the chl b were attributed to the prochlorophytes, then b/a ratios exceeding 3 were maintained by these picoplankters in the deeper parts of the DCM. Even if a correction is made for the prasinophytes (using a chl b/prasinoxanthin ratio of 2.08 from Eventt et al. 1990 , they accounted for 13.7 % of the chl b on average), the ratio in prochlorophytes often exceeded 2.5. This is much higher than that reported for eukaryotic phytoplankton (reviewed by Wood 1979 , average b/a of 0.46 for 25 species), and higher than the value of 0.8 observed in the tropical Atlantic by Gieskes & Kraay (1986; ratio of chl b to 'red-shifted' chl a, later shown to be chl az). Isolates of Prochlorococcus marinus increase their b/a ratio in response to decreased light, though the cultures examined to date do not exceed a ratio of 1.6 (Partensky et al. 1993) . Other microalgae that contain chl b maintain a relatively constant b/a ratio, increasing both pigments equally in low light conditions (e.g. Jeffrey 1984) . Thus, this dramatic shift in the b/a ratio in prochlorophytes may be a chromatic adaptation to increasing proportion with depth of blue light, which is harvested more efficiently by chl b than by chl a. This would be analagous
Chl blchl a2
Jan 1991 .
to the increased phycobiliprotein/ chlorophyll a ratios in coccoid cyanobacteria under blue-green light (Jeffrey 1984) . However, some of our flow cytometry samples showed a bimodal distribution of fluorescence intensities for prochlorophytes in the DCM, suggesting the possibility of 2 distinct populations, as observed in the tropical Pacific (Campbell 8 Vaulot 1993) . We thus cannot rule out the possibility that the increased bla ratios reflect changing proportions of 2 prochlorophyte types with depth in the DCM, rather than chromatic adaptation within a single population.
Carotenoid concentrations varied with depth in the DCM in a way that generally supports the idea of increased relative biomass of eukaryotes at the bottom of the DCM (Furuya & Marumo 1983 , Murphy & Haugen 1985 , Glover et al. 1986a , h , 1987 . This suggests that t h e carotenoid increases w e observed represent real increases in t h e relative proportion of some eukaryotes (e.g. s o m e chrysophytes a n d prymnesiophytes, characterized b y 19'-butanoyloxy-fucoxanthin a n d 19'-hexanoyl-oxy-fucoxanthin, respectively) in t h e d e e p e s t parts of t h e DCM. Flow cytometry showed that eukaryotic phytoplankters h a d their highest percentage of t h e total cell n u m b e r s a t t h e d e e p e s t d e p t h s a t 2 of t h e 3 flow cytometry stations, a n d their lowest relative a b u n d a n c e a t t h e shallowest D C M d e p t h s a t all 3 stations (Table 3 ) , further supporti n g t h e i d e a that they a r e m o r e characteristic of t h e bottom of t h e DCM. Z e a x a n t h i d c h l a l did not c h a n g e systematically in
t h e D C M , though it w a s higher in t h e 2 surface samples (5 m ) . Both coccoid cyanobacteria a n d prochlorophytes contain this photoprotective carotenoid, s o its vertical distribution should reflect both t h e relative a b u n d a n c e s of these picoplankters a n d their respective concentrations p e r cell. In cultures of Synechococcus sp., zeaxanthin p e r cell d o e s not c h a n g e with irradiance (Kana e t al. 1988 ), w h e r e a s a recent study b y Partensky e t al. (1993) s h o w e d it to increase with light i n 2 strains of Prochlorococcus a n d decline in another. In t h e Caribbean, t h e r e might also b e contributions to zeaxanthin concentrations in t h e D C M from sinking larger phytoplankton, especially t h e filamentous cyanobacterium Trichodesmium, which w a s a b u n d a n t n e a r t h e surface a t all of our stations. O u r results extend to t h e C a r i b b e a n a n d western tropical Atlantic O c e a n t h e observations of other investigators working o n picoplankton distributions in t h e D C M of tropical waters. In c o m m o n with Campbell & Vaulot (1993) a n d S h i m a d a e t al. (1993) , w e found prochlorophytes to dominate cell a b u n d a n c e , with coccoid cyanobacteria b e i n g of minor importance. T h e relative constancy of prochlorophytes in relation to other phytoplankton, a s reflected in both t h e cell counts a n d t h e c h l a 2 / c h l a l ratio suggests that growth a n d mortality a r e closely coupled within t h e D C M . M o r e studies of t h e s e processes a r e n e e d e d to s h e d further light o n t h e persistence of d e e p chlorophyll maxima a n d t h e d o m i n a n c e of prochlorophytes in tropical oceans.
